Summary Cultured cells maintained in very low oxygen levels alter their structure, metabolism and genetic expression. Culture conditions for cells were modified to minimise variation of nutrients and to allow normal survival levels after 24 h of hypoxic exposure. Under these hypoxic conditions, glucose consumption and lactate production rates were similar to aerobic rates until about 12 h after which the hypoxic rates increased. DNA and protein synthesis rates are continuously inhibited to about 48% or 55% of the respective aerobic rates. During this period of decreased protein synthesis, a set of proteins termed oxygen regulated proteins (ORPs), exhibits enhanced relative synthesis. The molecular weights of the five major ORPs are approximately 260, 150, 100, 80 and 33 kDa. While increased relative synthesis of oxygen regulated proteins is partly due to increased levels of mRNA which encode these proteins, the mechanism of enhanced synthesis of ORPs may be more complex.
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Hypoxia and related pathophysiologic environmental and cellular metabolic changes can be determining factors for the effectiveness of treatment of tumours using radiation therapy (Hall, 1978) , hyperthermia (Gerweck et al., 1979) or chemotherapy (Teicher et al., 1981) . Cells are resistant to irradiation virtually immediately upon introduction of severe hypoxia and are sensitised quickly after oxygen addition (Michael et al., 1973) . Slower responses to hypoxia include increased hyperthermia and adriamycin resistance (Li & Shrieve, 1982; Smith et al., 1980) .
The most notable metabolic change during hypoxia is the increased rate of glucose consumption. Enhanced synthesis of selected proteins after hypoxia has been reported in plants (Guttman et al., 1980) and mammalian cell lines (Sciandra et al., 1984; Heacock & Sutherland, 1986) . These stress proteins have been termed oxygen regulated proteins (ORPs) to denote proteins whose synthesis is enhanced during hypoxia and repressed after addition of oxygen. ORPs may be very similar to proteins synthesised after prolonged glucose deprivation (Sciandra et al., 1984) . To understand the molecular basis of resistance to various treatments and rationally plan therapeutic treatments, the basic biochemical events occurring during hypoxia must be studied. The degree of response to hypoxia may explain cell line variations of drug effects. For example, a DNA damaging agent may be expected to have differing hypoxic toxicities based on various hypoxic rates of DNA synthesis. Therefore, this report delineates the culture conditions and basic cellular responses, including the induction of ORPs, of cells observed during extreme hypoxia with carefully controlled glucose and hydrogen ion concentrations. Procedures and concepts presented here are being used for numerous other cell lines. A preliminary report of some of this work has appeared previously (Heacock & Sutherland, 1986 ).
Methods
Cell culture EMT6/Ro mouse mammary tumour cells were maintained as previously described (Sutherland et al., 1982) except that the growth medium contained the components for Basal Medium Eagle (BME) Hank (Chen, 1977) . Additionally, rodent cell lines were free of human cell contamination by lactate dehydrogenase isozyme determination (Dietz & Lubrano, 1967) .
Experimental cultures were initiated 20-24 hours before each experiment, except where noted, such that approximately 106 cells existed per 100 mm diameter glass Petri dish. When dishes of differing size were used, the number of cells and volume of medium was changed proportionally to the measured surface area. Loosely attached and floating cells were removed by pipetting off the growth medium and BME rinse. Attached cells were removed by 5-O min incubation at 37'C with 5 ml of 0.1% trypsin (Worthington). Trypsin was inactivated by addition of 5 ml of growth medium before determination of cell number and cell volume using a particle counter with channelizer (Coulter Electronics). Colony forming assays were performed as previously described (Sutherland et al., 1982) with scored plates containing between 20 and 100 colonies with greater than 50 cells per colony.
Hypoxia, with the oxygen concentration less than 100 p.p.m., was achieved as previously described (Sutherland et al., 1982) (Peterson & Young, 1968) and lactic acid (Rosenberg & Rush, 1966) assays which directly measured the reduction of NADP+ or NAD+ were utilised. Standards were purchased (Sigma Chemical Company, St Louis, MO) and a standard curve was completed for each set of determinations. A known quantity, 'spike', of glucose (or lactic acid) was added to aliquots from each sample for internal correction. All of the data presented have been adjusted with the correction factor less than 10% of the measured value.
Protein, RNA and DNA synthesis Total macromolecular synthesis was measured by both continuous incorporation and 30 minute pulse labelling of appropriate radioactive amino acid precursors. For protein synthesis measurements, '4C-leucine (350mCimmol-, Amersham) or '4C-amino acid mixture (Research Products International, approx. 50 mCi per milliatom of carbon) was added to complete growth medium at an initial concentration between 0.1-0.5 ltCi ml-' for both continuous and pulse labelling. After the indicated time period, the medium was removed, the culture rinsed twice with phosphate buffered saline (PBS), the dish placed on ice, and 0.3 M sodium hydroxide added for 10 min. The sodium hydroxide was pipetted off and another aliquot of 0.3 M sodium hydroxide used as a rinse. The combined sodium hydroxide solution was made to a final trichloroacetic acid (TCA) concentration of 10% and after 30 min on ice, the precipitate collected on glass fibre filters. The filters were washed with cold 10% TCA followed by ethanol, dried, immersed in 0.5% PPO (2,5 diphenyloxazole), 0.01% POPOP (1,4-bis-(2-(5-phenyloxazolyl))benzene) in toluene and the amount of radioactivity determined by scintillation counting with a counting efficiency of 90-95% using internal stan- Other methods ORP synthesis was routinely detected after the induction period (see Results) by replacing the medium with methionine deficient medium, plus 15% dialysed fetal calf serum and 10 IACi ml-' 35S-methionine (1,000 Ci mmol-', Amersham) and incubating the culture for one hour in air. After labelling, the medium was removed, the cells washed twice with cold PBS and lysed in a small volume of 1% sodium dodecyl sulphate (SDS), 100 mM Tris pH 7.5, 25% glycerol, and 100 mM 2-mercaptoethanol. Solubilised samples were sheared through a pipette tip prior to determination of radioactive content following TCA precipitation, boiling and filtering (Panniers & Henshaw, 1984) . Routine detection of ORPs was accomplished by one-dimensional SDS polyacrylamide gel electrophoresis (Lazarides & Granger, 1982) of samples containing equal radioactivity followed by autoradiography.
Free leucine concentration was determined by amino acid analysis after 3% sulphosalicylic acid treatment and centrifugation. Total protein per cell was determined using the Coomassie blue binding assay (Bradford, 1975) with bovine serum albumin as a standard.
Total RNA from hypoxic and aerobic cells was isolated by the guanidinium/caesium chloride method with mRNA purified by oligo(dT)cellulose chromatography (Maniatis et al., 1982 (Lazarides & Granger, 1982) . Rabbit globin mRNA (BRL) was used as a control. Total RNA and non-polyadenylated RNA were also translated in vitro using the above procedure except that the quantities used per reaction were 10-100 times the amounts described above.
Results
Cell growth EMT6/Ro cell growth ceases upon initiating hypoxic conditions. After 24 hours of hypoxia total cell number is approximately the same as at the time of initiating hypoxia ( Figure  1) . Cell Survival Clonogenic plating efficiency of euoxic and hypoxic cells has been very constant over the three year period of data collection, provided the cell line has been maintained in exponential phase for less than 25 passages and the medium has increased buffering capacity to guard against a pH drop. The plating efficiency (PE) of the attached hypoxic cultures is similar but slightly lower than the aerobic attached cells (Figure 2 ). With up to 24 h of hypoxia greater than 50% of the attached cells are reproductively competent. The PE of the aerobic floating and loosely attached cells is reasonably constant at approximately 30%, but the PE of the hypoxic counterparts decreases steadily with increasing time in hypoxia. However, the PE of the total population (attached plus floaters) is almost the same as the attached due to the small percentage of floating cells. At times less than 24 h the attached population is greater than 98% of the total population. Time (Hours) of the pH varies ± 0.1 pH unit depending on the CO2 content of the compressed gas. Total protein per cell does not increase significantly during hypoxia (218 43 x 10-12g protein per cell in air and 230 ± 56 x 102 g protein per cell after 12 h of hypoxia at matched cell densities at the time of cell harvest for protein content determination). Similar results were also found in two other rodent (CHO, MSV-3T3) and five human cell lines (A431, HT29, CaSKi, Coll2, JAR). Therefore, data are expressed on a per cell basis because cell number is detdrmined at several points during each experiment presented here.
The amounts of glucose and lactic acid (Figure 4 ) in the medium are virtually identical between euoxic and hypoxic cultures with approximately half of the glucose remaining after 48 hours under these low cell density conditions. However, since the number of hypoxic cells does not change, unlike the aerobic conditions where growth continues, the rates of glucose utilisation and lactate production on a per cell basis are quite different ( Table I ). The glucose consumption rate of hypoxic cultures for the initial 12 h is similar to the glucose consumption rate for aerobic cultures. With further hypoxic exposure, the glucose consumption rate appears to increase compared to the stable aerobic rate. Lactate production rates for hypoxic cultures follow a similar pattern, initially similar to the aerobic cultures with a subsequent rate increase. Generally similar results for glucose consumption and lactate production have been observed for CHO cells. Protein synthesis Hypoxic environments lead to a reduction of total protein synthesis even when corrected for the lack of cell growth ( Figure 5 ). The rate of total protein synthesis per hypoxic cell is 55 ± 8% (n = 5) of the rate per aerobic cell. These results are also seen using '4C-labelled amino acid mixtures (data not shown). This reduction in protein synthesis rate is not due to an artefact from a decrease in the leucine pool size which could happen if leucine were used as an energy source. However, varying the concentration of leucine in the medium shows that above 0.05 mM the medium is saturating for leucine (i.e. after correcting for specific activity, a constant amount of radioactivity is incorporated per cell for increasing amounts of leucine in the growth medium, data not shown). All experiments described here were performed in BME containing 0.2 mM leucine (26 mg 1-) plus serum giving a total free leucine concentration of about 0.25 mM. Determination of free amino acid concentrations did not show any large differences in leucine concentrations (or other amino acids) between aerobic medium, hypoxic medium or medium without cells incubated for 12 hours (data not shown).
The results reported here are for continuously labelled cultures, i.e. radioactive leucine added prior to initiation of gas exchanges. The rate of protein synthesis, between 12 and 14 h of hypoxia, determined using a pulse label administered at 12 h of hypoxia and harvested at 7 time points during the following 2 hours of hypoxia, was very similar to the rate determined by the continuous label procedure over the same time period (data not shown). Additionally, 30 minute pulse labelling results taken at several time points between 0 and 24 h of hypoxia are very similar to the data presented (data not shown). Similar results were obtained for CHO cells. Initial cell number equalled = 3 x 105 per 49 mm glass Petri dish.
Counting efficiency = 93%. (Figure 9 ) with the synthesis of the 260 kD protein being enhanced very quickly and is detectable between 0 and 2 h. The other ORPs are detected after 3-4 h of hypoxia. In general, the synthesis rates of the ORPS continuously increases until 8-10 h. However, with hypoxia exposures greater than 12 h, the level of enhancement at a particular exponentially growing aerobic cultures of EMT6/Ro cells (unpublished observations) as well as other cell lines (Shrieve et al., 1983) . However, continued progression of cells initially in mitosis (originally 5-10% of the total population) with a block in all other phases giving rise to a slight increase in cell number cannot be ruled out due to the small percentage of the population being affected (Born et al., 1976; Rice et al., 1985; Petterson et al., 1986) . The gradual change in EMT6/Ro morphology (from a flat, triangular shape to stretched spindle shape to finally rounding before detachment) is similar to other cell lines (Jacobson, 1981; Heacock, unpublished results) . Jacobson noted that an initial cell volume decrease was followed by a slow cell swelling for hypoxic cells (Jacobson, 1981) . During this period, hypoxic cells are characterised by swollen mitochondria, dilated endoplasmic reticulum and pronounced lipid vesicles . These morphological observations are consistent with early potassium efflux resulting from calcium release from hypoxic mitochondria (Chien et al., 1978) . Subsequent swelling may reflect the influx of sodium and water since Na+/K+ ATPase activity is diminished (Johnstone et al., 1985) . Throughout these morphological changes, total protein per cell is fairly constant for EMT6 cells as well as other cell lines (Petterson et al., 1986; Jacobson, 1981; Heacock, unpublished results) .
Plating efficiency remains at about the same level as the aerobic controls for about the first 24 hours of hypoxia with a slow decline afterwards which is similar or slightly higher compared to other reports for cells incubated at 37C (Shrieve et al., 1983; Born et al., 1976) . The glucose concentration in the medium does decrease slightly over the period studied but aerobic EMT6/Ro cells survive several days of virtually no glucose with no change in viability (Heacock, unpublished observation) . At higher cell densities hypoxic cells die faster implying either a depletion of a critical substance other than glucose (supported by data from hypoxic cells deprived of glucose to be presented elsewhere), or accumulation of toxic products.
The absolute values of aerobic glucose consumption rates reported here are similar to other determinations in EMT6/ Ro cells (Ling, 1986; Freyer & Sutherland, 1985) as well as other cell lines (Shrieve et al., 1983) . Under hypoxic conditions, glucose consumption rates normally increase. However, glucose consumption per cell does not appear to increase immediately upon initiation of extreme hypoxia as the levels of glucose in the growth medium are virtually constant, but requires several hours before cells switch from aerobic glycolysis to anaerobic glycolysis. Figure 5a shows glucose concentration versus time but since cell number does not change during hypoxia the slope change after 12 hours indicates the increase in glucose consumption rate. However, the small changes in glucose concentration in low cell density result in large errors when rates were calculated.
The classical method of glucose consumption (and lactic acid production) rate measurements involves high density suspension cultures for a short period of time sufficient to achieve an easily measured change in glucose concentration. As we have shown during hypoxia, high density cultures have a different growth and survival response than low density cultures. The compromise we made was to choose a precise biological system with less precise results. However, the results obtained are comparable to those done by classical procedures performed in the same lab, with the same cells for the initial time points. Our attempt was to extend these measurements to study long term hypoxic conditions. The conclusion from our data is that after a considerable length of time, cells are continuing to adapt metabolically to hypoxia as evidenced by the slow change in glucose consumption and lactate production. If indeed adaptation requires a considerable period of time, then ATP production would be expected to decrease and total energy levels drop during adaptation. After full adaptation, energy levels would be expected to reach a new steady state level probably with a decrease in both energy production and energy consumption due to lack of cell growth and decreased macromolecular synthesis.
It was noted that medium from hypoxic cultures of several cell lines contained a compound which chemically reduced the tetrazolium dye which was used as the final coupled reaction in a colorimetric glucose assay (Carroll et al., 1970 (Jacobson, 1981) , 64% in NHIK 3025 cells (Petterson et al., 1986) , 40% in EMT6/SF cells (Shrieve et al., 1983) (Pain et al., 1980) . However, fresh medium was placed over the cultures immediately prior to initiation of hypoxia. Therefore, the concentration of amino acids is presumed to be sufficient at early stages of hypoxia. This is true at least for the first 12 h of hypoxia as verified by analysis of free amino acids. The increased metabolism of leucine, not leading to incorporation into protein, is not a likely explanation because both the hypoxic and aerobic rates saturate at leucine concentrations greatly below those normally used for growth medium even though the absolute rates differ at saturating leucine concentration. Further, the choice of precursor (leucine or a commerical mixture of amino acids) or pulse labelling with leucine gives similar results. An increased level of phosphorylation of eurkaryotic initiation factor-2 (eIF-2) or inactivations of eIF-4F has been postulated for the inhibition of protein synthesis during hyperthermia (Panniers et al., 1985) . The possibility that modulation of eIF-2 and eIF-4F activity also contributes to hypoxic protein synthesis inhibition has not been investigated.
ATP levels decrease rapidly after initiation of hypoxia (Gillies et al., 1982) which would lead to inhibition of protein synthesis. Also, hypoxic cell protein synthesis can be completely inhibited at normal ATP levels, presumably due to accumulation of the inhibitory products of ATP hydrolysis (Freudenberg & Majar, 1971) . ADP and AMP appear to accumulate during hypoxia (Gillies et al., 1982) . Therefore protein synthesis regulation by changes in the adenine nucleotide pools is possible; however, others (Probst et al., 1988) have reported no change in adenylate energy charge during hypoxia.
Thymidine incorporation into DNA after 8 hours of hypoxia has been reported to be about 31% and 15% (Shrieve et al., 1983) (Probst et al., 1988) (Rice et al., 1986) , may explain the cell line dependent variations in sensitivities to DNA directed drugs.
Two technical difficulties were present in attempting to detect hypoxia induced proteins: (1) protein synthesis is inhibited during hypoxia and (2) high specific activity amino acids must be used for efficient detection of specific protein synthesis. The solution was to replace medium with methionine-free medium plus high specific activity "5S-methionine and incubate for one hour in the presence of oxygen. The same five major ORPs are detected using this methodology compared to labelling cells with large amounts of radioactivity during hypoxia. The relative rates of synthesis of these proteins are similar except for ORP 260 whose synthesis diminishes rapidly after aeration (unpublished observation). Therefore, this protocol may be used for quantitating the kinetics of ORP synthesis but will slightly underestimate the rate ORP 260 synthesis.
Our operational definition of oxygen regulated proteins depends on the detection of increased synthesis of a particular band (or spot on a 2-D gel) relative to other bands. The enhanced synthesis of ORPs relative to other proteins may arise through three general regulation processes: (1) increased transcription of the ORP genes, (2) altered RNA processing and stability, or (3) ribosome binding and translation into ORPs. In vitro translation of hypoxic polyadenylated RNA from mouse EMT6 cells consistently shows more ORP 33 and 80 compared to aerobic polyadenylated RNA but higher molecular weight proteins (both ORP and non-ORP) have been difficult to detect in both hypoxic and aerobic EMT6 samples. In human HT-29 cells, all five ORPs can be identified from in vitro translation of hypoxic polyadenylated RNA and total RNA. Inhibiting RNA synthesis in cells with actinomycin D before and during hypoxia results in a relative decrease in only ORP 80 synthesis in several cell lines. These studies suggest that regulation of both transcription and translation may play an important role in the relative enhanced synthesis of ORPs.
Removal of oxygen has been previously shown to lead to enhanced synthesis of two proteins in CHO cells (Sciandra et al., 1984) . Proteins which co-migrate, at molecular weights of 80 and 100, with the CHO proteins are also induced in EMT6/Ro cells and several other cell lines (data not shown). The induction kinetics of the 80 and 100 kD proteins described here are slightly more rapid than those described by Sciandra et al. (1984) , possibly due to a more rapid removal of oxygen. The two previously identified proteins were shown to have very similar polypeptide chains to the two major proteins induced by glucose deprivation (Sciandra et al., 1984) . However, the glucose regulated proteins are underglycosylated and migrate at a correspondingly lower molecular weight (Pouyssegur & Yamada, 1978) . Further characterisation of these proteins has been accomplished by Welch et al. (1983) , Munro & Pelham (1986) , Subjeck & Shyy (1986) , Mazzarella & Green (1987) , Lee (1987) and Hendershot et al. (1988) .
Three additional ORPs of molecular weights 260, 150, and 33 kDa are detected in EMT6/Ro cells as well as other rodent and human cell lines (Heacock & Sutherland, 1986 ).
The qualitative kinetics of continual relative increase in synthesis rates during hypoxia of the four lower molecular weight ORPs are very similar suggesting a similar mechanism of enhanced synthesis. The behaviour of ORP 260 appears distinct from the other ORPs. The enhanced synthesis of ORP 260 is detected very quickly, the synthesis rate increases more rapidly, and the synthesis rate appears to plateau. Also, the addition of actinomycin D prior to and continued exposure through hypoxia results in greatly enhanced synthesis of ORP 260. A further distinguishing characteristic of ORP 260 is its apparent decrease after heating or prolonged storage at -20C. Possibly this instability indicates a susceptibility to oxidation which leads to an aggregate which does not enter the gel since no large increase in any faster migrating band is noted. The possiblity that this protein may serve as a precursor to the other ORPs has not been ruled out but the continued accumulation of ORP 260 during hypoxic periods greater than 10 hours, as visualised by Coomassie blue staining, during a period of reasonably constant synthesis, makes this hypothesis unlikely.
Based on Coomassie blue stained gels, ORPs 80 and 100 are relatively abundant proteins in aerobic cultures. Thus additional protein accumulation is difficult to detect. ORP 260 and 150 are very barely visible in aerobic cultures but in cell lines where significant enhanced synthesis is observed, accumulation is apparent. The amount of apparent accumulation of ORP 33 is intermediate in both aerobic and hypoxic cultures.
The functions of these hypoxia-induced stress proteins are unknown. Some, at least ORPs 80 and 100, which are similar to the glucose regulated proteins, may be involved in protein processing and transport (Munro & Pelham, 1986; Mazzarella & Green, 1987; Lee, 1987; Hendershot et al., 1988) . Drug resistance induced by hypoxia or glucose starvation correlates with the presence of some of these stress proteins (Shen et al., 1987; ). Antibodies against the major ORPs are being prepared to localise these proteins. One possibility is localisation of some ORPs on the nucleolus to protect RNA production similar to heat shock proteins 70 and 110 (Welch & Feramisco, 1985; Subjeck et al., 1983) .
The existence of additional ORPs is probable, but the five proteins reported here are detected reproducibly in many cell lines. Bands at 20-24, 35-37, 43-45 and 60 kDa have been noted but are not reproducible and have not been observed in all cell lines tested. These lower molecular weight bands may be partial degradation products.
A mechanism which encompasses most of the observations presented here relies on a hypoxia induced ionic imbalance proposed by Hochachka (1986) . Lowered ATP production occurs during adaptation to anaerobic glycolysis which leads to sodium-potassium imbalance which could rapidly inhibit DNA and protein synthesis. Later effects within the first few hours involve calcium fluxes leading to the changes in mitrochondria structure and general cell swelling and enhanced synthesis of ORPs.
